Only ray-finned fishes possess a torus longitudinalis (TL), a paired, elongated body attached to the medial margins of the optic tectum. Its granule cells project large numbers of fine fibers running laterally over adjacent tectum, synapsing excitatorily on the spiny dendrites of pyramidal cells. Sustained TL activity is evoked visuotopically by dark stimuli; TL bursting is a corollary discharge of saccadic eye movements. To suggest a function for this ancient structure, neural network models were constructed to show that: (1) pyramidal cells could form an attentional locus, selecting one out of several moving objects to track, but rapid image shifts caused by saccades disrupt tracking; (2) TL could supply both the pre-saccade position of a locus, and the shift predicted from a saccade so as to prime pyramidal dendrites at the target location, ensuring the locus stays with the attended object; (3) that the specific pattern of synaptic connections required for such predictive priming could be learned by an unsupervised rule; (4) temporal and spatial filtering of visual pattern input to TL allows learning from a complex scene. The principles thus evinced could apply to trans-saccadic attention and visual stability in other species.
Introduction
The ability to shift gaze has undoubted benefits for vision, but it does have a serious drawback. During a saccadic eye movement, the rapid displacement of the retinal image interrupts the continuity of the visual narrative. For an actively hunting animal, eye movements are necessary for keeping the prey's image on a high acuity area of the retina and for stabilizing retinal images during the twists and turns of the chase (Walls, 1962) , but the intervening saccades will shift representations of prey and other objects in the brain's retinotopic maps. To make sense of what is happening in the scene, the correct correspondences must be established between pre-and postsaccadic representations, but especially for the image of the prey that is the animal's focus of attention.
An inkling of the neural mechanisms that could stitch together images from successive eye fixations has come from single unit recordings in the retinotopically mapped areas of the primate visual system that are concerned with eye movements, such as the superior colliculus (Wurtz, 2008) . Around the time of a saccadic eye movement, neurons may show an enhancement of firing to a visual stimulus if the saccade is going to move the stimulus into the neuron's receptive field, with some enhancement occurring before the eye actually moves. Evidently, the oculomotor system emits a corollary discharge signal representing the direction and amplitude of the upcoming saccade that influences activity in these neurons. Similar enhancement effects occur in several cortical areas such as the lateral intraparietal area and the frontal eye fields. Moreover, receptive fields of neurons in these areas are observed to move briefly towards the target of a saccade, a process, termed predictive remapping, that is thought to assist discrimination in the target area and play a role in subjectively stabilizing the visual scene during eye movements (Hamker, Zimsak, Calow, & Lappe, 2008; Zirnsak & Moore, 2014) . Even when attention is directed covertly, without eye movement, to a place well away from the fovea the same remapping phenomena occur in monkeys (Moore, Armstrong, & Fallah, 2003) . It seems plausible that similar processes occur around the center of attention in non-foveate animals too.
The majority of fish species lack foveas, so saccades, for the most part, reset eye position between fixations that tend to stabilize the retinal image during turning movements (Easter, Johns, & Heckenlively, 1974; Walls, 1962) . Fish may also make converging saccadic eye movements while orienting to their prey (Bianco, Kampff, & Engert, 2011) . Because saccades interrupt the tracking of an attended image across retinotopic maps, the solution proposed here, called predictive priming, involves the transfer of activity from neurons at a pre-saccadic focus to neurons at the post-saccadic or target position, the transfer being controlled by a corollary discharge representing the saccade vector. It is a mechanism that could underlie the updating of 'pointers' to attended targets in a complex scene whose retinal images are subject to frequent saccadic displacements (Cavanagh, Hunt, Afraz, & Rolfs, 2010; Rolfs, Jonikaitis, Deubel, & Cavanagh, 2010) .
Predictive priming only makes functional sense in the context of selective attention. If the representations of all objects in the visual field were to be predictively primed after each saccade, nothing would be achieved; but if one object is selectively attended and only its representation is predictively primed, then the identity of that object can be preserved across saccades. Predictive priming, therefore needs to operate with a pointer system of a kind envisioned theoretically by Pylyshyn (1989) that keeps track of an object of interest as it moves in space and allows rapid access to it for identification, or if the object is prey, initiates approach and attack. If this view is correct, pointer systems should exist in those areas of the brain that are retinotopically mapped, whose neurons are subject to attentional modulation and are supplied with saccadic corollary discharge signals. In primates, the superior colliculus, frontal eye fields, and the lateral intraparietal area are all candidates Wurtz, 2008) . In nonmammalian vertebrates, the optic tectum, the homologue of the superior colliculus, is critically involved in visual spatial attention (Knudsen, 2011) and very likely contains a pointer network.
Torus longitudinalis and marginal layer of optic tectum
This paper aims to show that the neural mechanisms underlying predictive priming can be understood by studying and modelling midbrain structures that appeared in the Devonian era over 400 million years ago with the evolution of the Actinopterygii or ray-finned fishes. Only these fishes (except the polypteriforms) possess a torus longitudinalis (TL). This structure typically takes the form of a pair of elongated cords of granule-cells attached to the medial margins of the lobes of optic tectum. In Holocentrid species, whose TL is especially well developed, there are distinct cell groups forming medial and lateral divisions . In cyprinids, such as goldfish, the corresponding divisions are less distinct anatomically, but functionally, the division is between dorsal and ventral. Consequently, the two main divisions of TL will be referred to as dorsomedial and ventrolateral. TL contains small, medium and large cells (Ito, 1971; Xue et al., 2003) and is heterogeneous histochemically. Thus, Folgueira, Sueiro, Rodríguez-Moldes, Yáñez, and Anadón (2007) showed in trout that TL is interlaced by a network of GABAergic fibers and terminals and contains some GABAergic cells in dorsal regions. The output of TL comes from small to medium sized granule cells in both divisions that project very numerous, fine unmyelinated axons through the outermost layer of the adjacent tectum, the stratum marginale (SM) (Folgueira et al., 2007; Meek, 1983; Xue et al., 2003) . These fibers make en passant synapses with the highly branched, spiny dendrites of tectal pyramidal cells (Type I of Laufer & Vanegas, 1974; Meek & Schellart, 1978) . Several authors (Ito, 1971; Meek, 1992; Vanegas, Williams, & Freeman, 1979) have pointed out that the marginal fiber/pyramidal cell arrangement in tectum bears a resemblance to the parallel fiber/Purkinje cell arrangement in cerebellar cortex, giving the hint to some possible functions (Bell, 2002) .
A number of tract tracing studies in different species have described the afferent pathways by which TL may be influenced from forebrain, midbrain and hindbrain (Folgueira, Anadón, & Yáñez, 2008; Folgueira et al., 2007; Ito et al., 2003; Wullimann, 1994; Xue et al., 2003) . In the pretectum, the nucleus paracommissuralis relays from the dorsal central telencephalon; in the adjacent lobe of the optic tectum, toropetal cells (Type X of Meek & Schellart, 1978) provide a major input to TL, specifically to the dorsomedial division; and in the hindbrain, the nucleus subvalvularis, cell groups in and below the eminentia granularis, and along the posterior mesencephalocerebellar tract all provide bilateral input to TL. In the butterfly fish, Pantodon, the oculomotor nucleus was found to be afferent to TL (Wullimann & Roth, 1994) .
The physiology of TL/SM was first studied in two percoids, Holocentrus and Eugerres, by Vanegas et al. (1979) . They electrically stimulated SM, showing that the marginal fibers transmit impulses in a lateral direction over the tectal surface with two distinct conduction velocities (0.2 and 0.16 m/s). Marginal fiber volleys produce excitatory responses in the pyramidal cells of tectum, probably mediated by excitatory aspartate/glutamate synapses (Kageyama & Meyer, 1989; Poli, Villani, Migani, Munarini, & Contestabile, 1984) . Some clues to the function of the system were obtained by Northmore, Williams, and Vanegas (1983) and Northmore (1984) who recorded multiunit spiking discharges from TL in the same two percoids and in the goldfish, a cyprinid. All three species showed two kinds of activity: (i) light-influenced or photic activity from superficial recording sites and (ii) saccaderelated activity from deeper sites.
The photic activity of TL evoked via the opposite eye, consisted primarily of a sustained discharge that was increased by dimming. Changes in light level also gave transient responses, particularly to light offset. Exploring the visual field with various stimuli showed a receptive field structure: TL dimming receptive fields in the percoids were located close to the equator of the visual field of the contralateral eye; in goldfish 10-30°below the equator. Dimming fields were about 12°across in the percoids, 30°in goldfish, and were topographically arranged, with rostral TL having nasally located fields, caudal TL temporal fields. The photic responses of TL were delayed compared to those of the superficial, retinorecipient layers of tectum (10-15 ms in goldfish; 100-200 ms in Holocentrus); they were uninfluenced by the speed or direction of slowly moving dark objects, the preferred stimuli; and they exhibited a flat spectral sensitivity without signs of color opponency (Gibbs & Northmore, 1998; Northmore, 1984; Northmore et al., 1983) . This dimming response was shown to arrive in TL via topographic projections from tectum because small cuts through dorsal tectum abolished photic responses in TL adjacent to the cuts; however, TL's saccadic activity does not arrive via tectum because it was unaffected by these cuts (Northmore, 1984) .
TL dimming activity appears to be the end-product of a visual channel that originates in the retina with large-field, sustained OFF ganglion cells with axons of high conduction velocity (Northmore & Oh, 1997) . In studies of the recovery of vision after optic nerve crush in goldfish, these ganglion cells were the first to recover responsiveness (Oh & Northmore, 1998) and to remake functional connections in tectum, leading to the earliest signs of visual recovery, namely, the behavioral detection of dark stimuli, and the restoration of dimming activity in TL (Northmore, 1989; Northmore & Oh, 2001) .
The relationship between the marginal fiber trajectories and TL receptive fields was demonstrated in Holocentrus by Northmore et al. (1983) . Recording at different sites along the length of TL yielded dimming receptive fields along the visual field equator of the contralateral eye (see Fig. 1 ). Electrical stimulation at each TL site allowed the tracing of marginal fiber trajectories by finding where the evoked response in SM was maximal, at which point the recording electrode was lowered into the retinorecipient layers of tectum and the multiunit receptive field evoked by small moving objects in the visual field was plotted. These retinotectal receptive fields traced out lines of longitude in the visual field, intersecting with the TL dimming receptive fields at the equator. Thus, the marginal fibers course over the retinotectal representations along lines of longitude, an important consideration for the models presented here.
The saccadic activity in TL was recorded from fish, that while immobilized by spinal cord section, made spontaneous eye movements. Saccades were exclusively horizontal with a maximum angular range of about 30° (Easter, 1971; Hermann & Constantine, 1971; Mensh, Aksay, Lee, Seung, & Tank, 2004) . Bursts of multiunit activity occurred with every saccade and the burst magnitude, measured by integrating total spiking activity, was proportional to the saccade amplitude (Northmore, 1984; Northmore et al., 1983) . The few single units that were recorded in the percoids fired differentially to nasally-or temporallydirected saccades. The burst activity started just before the eye moved and peaked either during the eye movement (Percoids) or just after it (goldfish). The saccadic bursts bore the hallmarks of a corollary discharge. Pulling the eye to-and-fro did not generate bursts, showing that proprioceptive inflow could not cause them. Bursts did not depend on visual stimulation and they still occurred after eye movements had been eliminated by a paralytic agent. TL cannot be an essential part of a motor pathway for eye movements as its ablation did not affect the normal pattern of spontaneous saccades. How TL gets saccadic information is still unclear but it derives, presumably, from the hindbrain sources mentioned above.
Several ideas have been put forward regarding the function of TL-tectum. Sajovic and Levinthal (1982) supposed that TL transmits information to tectum about somatic musculature, eye position, and body movements, allowing it to be integrated with visual information. Meek (1992) suggested that tectal pyramidal cells might respond selectively to the temporal coincidences of the two rates of conduction in the marginal fiber signals. Wullimann (1994) described pathways making TL a link in premotor circuitry from telencephalon to brain stem. Kishida (1979) noted that TL is highly developed in reef fishes that live in turbulent environments and move rapidly from light to dark, giving it a possible role in the maintenance of equilibrium, a suggestion that was followed up by Gibbs and Northmore (1996) who found that TL ablation can affect the dorsal light reflex. Other cerebellar-like parallel fiber systems in fishes appear as mechanisms that learn to subtract self-produced effects, in this case, eye movements, by analogy with parallel fiber system in the electrosensory lobe of mormyrid electric fish (Sawtell & Bell, 2008) . Therefore, Northmore (2011) suggested that the two kinds of TL activity could be used to predict the effects of eye movement on the perceived scene so that they could be discounted, providing visual stability across saccades. The puzzle that none of these ideas has solved is why two very disparate types of information, photic and saccadic, should be brought together in the dendritic trees of pyramidal cells and how this combination could do something so useful and for so long that it is used by half the vertebrate species on earth. The aim of this paper is to make sense of the known anatomy and physiology of the TL-tectum system, and demonstrate with neural network models that it could, indeed, be useful. The first model demonstrates the operation of TL-tectum in tracking objects by maintaining attention across saccades; the second shows how the precise connections that are required can be set up by unsupervised learning.
Network simulation methods
The neural network models presented here were built from the units analyzed by Grossberg (1978) and employed in Interactive and Competitive (IAC) networks (McClelland & Rumelhart, 1988) . These IAC units, as they will be called, have a continuous activation, A, that takes on values between a minimum value, MinA, and a maximum value, MaxA, and decays to a resting value, RestA. The rates of change of A depend upon the total excitatory input (ExcitInp), the total inhibitory input (InhibInp), a decay factor (DecayA), and also upon the current activation, A. This is expressed by the following update rule for A that is executed every ''tick" or iteration cycle of the simulation.
Thus, the activation exhibits first-order dynamics. The output signal transmitted to other units in the network is the positive part of A, thus: Output = |A| + . (Supplemental Fig. 1 shows the responses of a typical unit to excitatory and inhibitory inputs and shows their rise and decay time constants.) The IAC units in the models were, for the most part, ''point neurons" i.e. all synaptic inputs, both excitatory and inhibitory, contributing to a single ''somatic" activation. The exceptions were the P-units that modelled tectal pyramidal cells, which had in addition to somatic synapses, a dendritic tree composed of compartments, each of which received synaptic inputs from 2 or 3 different sources (See Fig. 5 ). According to the rule for combining these sources, to be described later, separate compartment activations were developed which were always positive and added to the somatic activation A, thereby priming the Punits.
A custom simulation program was written in Borland Delphi Pascal and GLscene, a 3-D graphics package based on OpenGL. The program allowed the construction of layers of IAC units, arrayed in one or two dimensions of ''brain space", and provided various methods for interconnecting them. Typically, the mode of connecting two layers was to project each unit of the source layer to a topographically corresponding point in the destination layer and to form synapses on destination units with weights that fell off from the center of projection according to a radial Gaussian function. The peak synaptic weight (pk wt), either positive or negative, and the 2r radius (2rR) of the Gaussian were sufficient to specify each layer-to-layer connection.
A gray background field and the stimulus objects on it were displayed on a 120 Â 160-pixel array viewed by an ''eye", modelled by a GLscene camera (see Supplemental Fig. 2 ). This field, subtending 77°Â 62°at the eye, was imaged onto a ''retina" which consisted of a layer of 20 Â 15 uniformly-spaced IAC units, each with a Gaussian-profile receptive field center subtending 5.7°(±2rR), designed to resemble the sustained OFF-center retinal ganglion cells that appear to drive the dimming response of TL in goldfish (Northmore, 1989; Northmore & Oh, 1997) . These IAC units respond in sustained fashion to black stimuli on a gray background, and they provide the visual input for the models. For testing and training, 5 black discs, each subtending 4.6°were slowly moved in random directions (speed = 0.023°/tick) within a central 44°Â 35°box, while their centers were prevented from coming within 16°of each other. To simulate saccadic eye movements, the GLscene camera was rotated back and forth in the horizontal plane as described later. Restricting the stimulus discs to the boxed area ensured that all their images stayed on the retina during eye movements.
Tracking model
While hunting, a fish has to maintain attentional focus on one prey object without being distracted by other objects and without losing that focus when the retinal image is rapidly shifted by a saccadic eye movement. The Tracking Model is a neural network emulating TL and tectum that successfully transfers a locus of attention during saccades.
Pointer network
The first requirement for the Tracking Model is a pointer network capable of latching onto one object in the visual field to the exclusion of other objects. It should also be capable of tracking an object with its attentional locus as the object's image moves smoothly across the retina. Such a pointer network in teleosts is assumed to reside in the optic tectum because it has the most detailed retinotopic map in the teleost brain and is essential for visual spatial processing (Northmore, 2011) . The pointer network shown in Fig. 2 is modelled by a two-dimensional, 15 Â 11 layer of IAC units. This layer is driven from the retina via an excitatory retinotopic projection, in emulation of the precisely ordered retinotectal projection existing in fish tectum. The projection is such that a single retinal unit activates only a small number of Fig. 2 . Cartoon of network circuitry for a pointer layer. A retinal unit (black disc) is shown making localized excitatory topographic connections to a small neighborhood of pointer layer units, each of which feeds back excitatory connections to a wider neighborhood of pointer layer units (grid hatched) and inhibitorily to the entire pointer layer (dash hatched). units in the pointer layer (2rR = 5.7°, pk wt = 0.1). To make the pointer layer latch onto one retinal locus of stimulation, each pointer layer unit is connected to feed back (i) excitatorily to a small surrounding region of the pointer layer (2rR = 11.4°, pk wt = 0.65), amplifying the representation of the attended object, and (ii) inhibitorily to the entire pointer layer (wt = À0.3), forming a winner-take-all network that prevents other retinal loci from gaining attention. The strength and spread of the positive feedback in relation to the strength of the negative feedback allow the locus of attention to travel smoothly so as to track a continuously moving object. The units' dynamics limit the speed of tracking so that moving a stimulus disc faster than 1°/tick, the ''escape speed", results in the loss of tracking and the skipping of the attentional locus to a different disc. When several identical discs are presented to this network, the choice of which disc attracts the locus is haphazard. In life, the choice would probably be determined by stimulus saliency and by gating signals on the retinal input or pointer layer units from various sources (e.g. telencephalon). The latter could also turn tracking on or off entirely.
The Tracking Model identifies the Pointer Layer with an ensemble of pyramidal cells (see Fig. 3 ). These interneurons are distributed throughout the teleost optic tectum and are relatively numerous, there being 5,000-20,000 per tectal lobe in goldfish (Meek, 1983) . The structure of the typical pyramidal cell, diagrammed in Fig. 3 , and used as a basis for the models presented here was taken from the Type I cell of goldfish described by Meek and Schellart (1978) and the pyramidal cells of Holocentrids by Xue et al. (2003) . These cells are characterized by an extensive spiny dendritic tree in SM, a long apical shaft descending to the soma in SFGS, with a secondary, deeper dendritic field at the SFGS/SGC boundary, and then a further descending dendritic shaft forming a basal arbor in the middle of SGC. An axon also issues from the cell at the SFGS/SGC boundary and descends to form a terminal arbor at the same level as the basal dendritic arbor. The mar- . Inputs to dendrites of six P-units representing a small horizontal strip of tectum. Every dendritic tree had 8 Â 8 compartments whose rows are potentially innervated by TL SACC units, each of which are briefly activated during a saccade of a particular amplitude range. The compartment columns of a P-unit are potentially innervated by TL DD units at lateral displacements of ±4 position units as shown by curved arrows. To shift the attentional locus to the P-unit at position 5 from a P-unit at positions 1 through 9, the shaded compartments along the diagonal should have positive weights, all others, zero weights.
ginal fibers originating in the granule cells of TL make en passant synapses with the spines of the apical tree and provide the second most numerous class of synaptic input to tectum in goldfish (Meek, 1983) ; in Holocentrids, TL synaptic input is even more impressive as the marginal layer occupies a third or more of the tectal thickness . Marginal fiber synapses are glutamatergic, as in other cerebellar-like structures (Mikami, Yoshida, Naoto, & Masayoshi, 2004; Poli et al., 1984) and are excitatory to pyramidal cells (Vanegas et al., 1979) .
The retina is the other important input to pyramidal cells. Retinal terminals synapse on the dendrites nearest to the soma, on the soma, and on the shafts of their apical dendrites (Kageyama & Meyer, 1989; Laufer & Vanegas, 1974; Meek, 1983) . Because of the precise retinotopic nature of visually evoked activity within SFGS, the pyramidal cell ensemble receives the orderly retinotopic input required for pointer operation. The anatomical bases for the pyramidal cell interconnections also required for pointer operation are present in mid-SGC. The local excitatory spread between a pyramidal cell and its neighbors could occur via their axons and basal dendrites that arborize closely together (Fig. 3) . The substrate for the widespread inhibitory influence between pyramidal cells could involve the dense GABA-receptive plexus in the upper half of SGC (Anzelius, Ekström, Möhler, & Richards, 1995; Folgueira et al., 2007) and/or the numerous GABAergic SPV neurons with inhibitory axonal arbors in SGC (Maruska, Butler, Field, & Porter, 2016; Robles, Smith, & Baier, 2011) . Finally, mid-and upper SGC contain prominent bands of telencephalic terminals that could modulate these lateral interconnections (Grover & Sharma, 1981; Meek, 1983; Xue et al., 2003) .
The results of two intracellular recording studies of anatomically identified pyramidal cells in cyprinids are generally consistent with the connectivity proposed for them here. Niida, Oka, and Iwata (1980) showed that they can be driven by on-or offphotic stimuli with receptive fields that range from medium sized (15°) to very large (180°), with sustained or transient responses that tend to be variable and often habituating. Guthrie and Sharma (1991) found that diffuse light flashes evoke hyperpolarizing waves that are followed by excitation, with ''a tendency for depolarizing responses to have a long latency, and to persist for some time after the stimulus", observations consistent with the widespread inhibitory feedback connections proposed here. Extracellular recordings of units in SFGS, putatively pyramidal cells (O'Benar, 1976; Sutterlin & Prosser, 1970) , confirm that their visual responses are variable, with receptive fields up to 30°in diameter. Variability is to be expected if pyramidal cells are most active during bouts of attention, while their receptive fields would be enlarged by local excitatory connections between them.
Predictive priming
Transferring the attentional locus during a saccade requires that the post-saccadic or target position of the locus be predicted from (i) its pre-saccadic position and (ii) the direction and amplitude of the saccade. Then, the pyramidal cells at the target locus must be primed by excitation on the dendrites caused by a specific combination of marginal fiber activations from both the photic and saccadic neurons of TL. Fig. 3 shows in idealized form a small array of pyramidal cells in one tectal lobe, lying parallel to the representation of the visual equator i.e. the axis of spontaneous eye movements in fish. An object of interest in the contralateral visual field activates a pyramidal cell at the retinotopically corresponding position in the array, which by means of local excitatory feedback connections, amplifies and activates pyramidal cells in the neighborhood, generating a locus of attention.
The model proposes that heightened pyramidal cell activity at the attentional locus excites neighboring toropetal cells (the bistratified Type X of Meek & Schellart, 1978) via their lower dendrites which arborize at mid-SGC where pyramidal cell axons terminate (See Fig. 12 of Xue et al., 2003) . The toropetals project their axons (dot-dashed connection in Fig. 3 ) through the deep fiber layer of tectum, exciting granule cells in the topographically corresponding region along the length of TL. The latter are presumed to be among the photically-driven cells of dorsomedial TL which respond to dimming at the visual field equator. That this TL dimming activity derives from the large field, sustained-OFF retinal ganglion cells referred to in the Introduction is reinforced by Kageyama and Meyer's (1989) finding that a class of large retinal ganglion cells in goldfish have terminals in the deepest retinorecipient layer of SFGS, where the toropetal cells deploy their upper dendrites.
Predictive priming requires that individual photic units in dorsomedial TL be able to influence pyramidal cells over a longitudinal swathe of tectum at least as wide as the maximum saccade range of 30° (Mensh et al., 2004) . This is done in the model by making the photic TL units' axons branch laterally, as shown in Fig. 3 . The same end could be achieved if TL granule cell axons branch and spread laterally to a considerable extent over tectum rather than emerging from TL in a strictly parallel array. That such spreading occurs is supported by the results of Vanegas et al. (1979) in Holocentrus, who electrically stimulated at a point in SM close to TL, evoking marginal fiber potentials over a longitudinal swathe some 500 lm wide, which, assuming a tectal magnification of 30 lm/°, corresponds to 17°of visual angle. The lateral influence of TL cells also depends on the width of the pyramidal cell dendritic trees, which in Holocentrids, extend up to 600 lm or 20°of visual angle. In cyprinids, pyramidal cell trees extend up to 250-360 lm (Meek & Schellart, 1978; Niida et al., 1980 ) which, at a tectal magnification of 20 lm/°, correspond to 12.5°-18°. Adding these rough estimates of the visual angle subtense of marginal fiber spread to the pyramidal cell dendritic spread easily makes 30°, the maximum saccade range.
The saccadic burst units of the model, which correspond to the ventrolateral TL granule cells, convey the corollary discharge of eye movement via marginal fibers to the pyramidal cell dendrites. It is assumed that every small segment along the length of TL contains units each signaling a particular amplitude and direction of saccade with a brief burst of activity. This ''discrete" representation is a simplification and one that makes the model operation clearer, but in the brain, saccade direction and amplitude is unlikely to be represented so neatly. The model supposes that every pyramidal cell dendritic tree receives information about the full gamut of possible saccades. This is shown schematically in Fig. 3 by the set of saccade unit fibers traversing all the pyramidal dendritic trees.
Priming of the pyramidal cells at the post-saccadic target location is achieved by the confluence of the two types of TL input to the pyramidal cell dendrites: (1) photic units still active from the attentional locus in the pre-saccadic position, and (2) saccadic burst activity signaling the amplitude and direction of the saccade. The first input can be thought of as providing the starting position of the locus, the second as the shift required for the upcoming saccade. A target pyramidal cell will be primed if it has synapses that respond to (1) AND (2) simultaneously. The AND-ing operation could be performed if simultaneous inputs from (1) and (2) achieve a suprathreshold level for firing dendritic spikes which, although not propagating to the soma, nevertheless produce sufficient depolarization to prime the soma making it more easily activated by retinal input (Spruston, Häusser, & Stuart, 2013) .
Implementation of the tracking model
The tracking of an attended visual object across saccades was simulated by the network diagrammed in Fig. 4A . The units of the model were arranged in rectangular or linear arrays. Pyramidal cells were modelled by P-units in a 15 Â 11 array of IAC units for the somas, paired with a specialized array of the same dimensions representing their dendrites. The parameters of the connections between the model retina and P-unit soma layer, and the feedback connections between the P-unit somas were as described above for the Pointer Layer (Section 3.1). The TL photic and saccadic burst cells were modelled by one dimensional arrays of IAC units called Delayed Distributed, TL DD (15 units) and Saccadic, TL SACC (8 units), respectively. Each column of P-unit somas projected additively to a topographically corresponding unit in TL DD . The toropetals that connect pyramidal cells to TL in the tectum were not explicitly modelled. Each TL DD unit distributed its output in 8-branches, each branch coursing vertically across a column of P-unit dendrites, potentially innervating a vertical swathe of tectum ±4 units wide, corresponding to 44 degrees of visual field representation. Fig. 5 shows detailed connections of TL DD with the dendrites of the Punits in a 6-unit horizontal row, and specifically how the dendritic tree of one pyramidal cell at position 5 would receive inputs from TL DD units at horizontal offsets of À4 to +4. The conjunctions of TL DD and TL SACC that must be functional for attentional locus transfer are shown by the shaded compartments along the diagonals in Fig. 5 and are explained below.
TL SACC , was an 8-unit array, all units of which potentially innervated every P-unit dendritic tree. Each TL SACC unit became active during a saccade of a particular range of amplitudes. The model's saccade generator produced a continuous series of horizontal saccades of randomly varying amplitudes mimicking the train of fixations exhibited by goldfish (Easter, 1971; Mensh et al., 2004) as shown in Fig. 6A . A sinewave of period 500 ticks and amplitude of ±15°, specified the post-saccadic fixation or ''target" angle; at random intervals (50-150 ticks, mean = 100 ticks), a saccade was initiated to move the eye to the target fixation angle where it was held until the next saccade. Eye position during a saccade was modelled by a sigmoidal logistic function with a 10%-90% rise time of 4 ticks. The highest amplitude saccades of ±15°attained a maximum angular velocity of 3.75°/tick; saccades smaller than ±2°a ttained less than 1°/tick, below the escape speed for the attentional pointer composed of P-units. The TL SACC activations were obtained from the derivative of the logistic and delayed 8 ticks to make the activation peak at the end of the eye movement, thereby approximating the time course of the multiunit saccadic bursts recorded from ventrolateral sites in TL (Northmore, 1984; Northmore et al., 1983) . Which of the TL SACC units were activated depended on the direction and amplitude of the upcoming saccade (see Fig. 6B ). Thus, rightward saccades activated pairs of TL SACC units numbered in the range +1 to +4, with their amplitudes scaled in proportion to where the saccade amplitude fell in the inter-unit range. Similarly, leftward saccades activated pairs of units in the range À1 to À4. Activating two units for each saccade, rather than one, allowed a more graded representation of the corollary discharge to be transmitted over the TL SACC marginal fibers. Fig. 6C shows the timing of activities in the model while the eye viewed a stationary vertical black bar during three saccades. Uppermost are responses of a central row of retinal OFF detectors showing shifts in the position of activity with each saccade. TL DD units had properties modelled after dorsomedial TL, giving sustained responses to luminance changes after a 20-tick delay, thereby holding a memory of the pre-saccadic position of an attentional locus. Below, the TL SACC units signaling amplitude and direction of each saccade gave brief bursts after an 8-tick delay. At bottom is the activity of a central row of P-unit somas as they tracked the stimulus; the brightening after each saccade shows activation bumps due to priming.
The AND-like operation between the TL SACC and TL DD inputs to a pyramidal cell dendrite tree was achieved by multiplication. Thus, the activation of dendritic compartment c, a c , is given by
where a SACC and a DD are input activations from TL SACC and TL DD , and w c is a weight, typically preset to 0.25 where there is to be effective synaptic input on the dendritic tree, or set to zero otherwise. All the compartmental activations on a P-unit dendritic tree are summed and added to the soma activation accruing from its other inputs i.e. retinal, local excitatory, and global inhibitory. With the regular ordering of elements shown in Fig. 5 , the requisite priming at the target location is achieved by filling compartments on the diagonal with non-zero weights on all trees. In effect, the diagonal weights allow the saccade amplitude to be added to the pre-saccadic position of the attentional locus.
Testing the tracking model
The five moving black-disc stimuli (Fig. 7A) were presented to the network, activating corresponding places in the retina (Fig. 7B) . A group of neighboring units in the P-unit layer immediately became activated by one of the discs, forming the locus of attention (Fig. 7C) . Tracking by the locus was perfectly faithful to its stimulus disc as long as the disc moved more slowly than 1°/tick and no saccades occurred. Examples of tracking performance with saccades are shown in Fig. 7E and F which display tracking error measured by the distance of the centroid of activation in the Punit layer from the nearest disc over time, together with a record of horizontal eye position. When horizontal saccades occurred, the attentional locus skipped frequently from one disc to another, especially after large saccades (Fig. 7E) . The number of skips and the average number of ticks over which the attentional locus stayed with one disc was measured over several 10k-tick sessions. These two measures are given in Table 1 row A for the Tracking Model without priming i.e. when all dendritic weights = 0.0.
When weights were set to 0.25 on the diagonals of all P-unit dendritic trees the predictive priming briefly manifested as a column of excitatory activation over the target position in the Punit array (Fig. 7D ). Tracking records (Fig. 7F ) then showed that the locus of attention skipped about 3 times less frequently and stayed with one disc for about 4 times longer with priming than without (Table 1 , compare rows A and B). When the locus did skip, it was usually to a disc at a similar azimuth. Weights weaker than 0.25 gave sub-optimal priming with poorer tracking; weights greater than 0.4 generated oscillatory priming due to high gain in the positive feedback loop between TL and P-units, and again, poorer tracking.
Learning model
Predictive priming leading to successful tracking requires a specific set of TL synaptic connections; in the regular arrangement of the Tracking Model these occupy the diagonal dendritic compartments. This pattern of connections worked because three conditions were met: (i) activity in a TL DD fiber represented the presaccadic position of an attentional locus; (ii) activity in a TL SACC fiber represented the upcoming saccade vector; and (iii) the foregoing activations co-occur in a dendritic compartment of a P-unit at the post-saccadic locus position. The aim of the Learning Model is to show that synaptic connections satisfying these three conditions can be generated by an unsupervised learning procedure that is Hebbian in nature and consistent with LTP/LTD processes thought to occur in other parallel fiber systems (Jorntell & Hansel, 2006; Mikami et al., 2004; Sawtell, 2008) .
The inception for the Learning Model was the realization that the photic responses of dorsomedial TL, with their dimming receptive fields along the visual field equator, provide a source of information about eye movements, in addition to the saccadic bursts of ventrolateral TL. In principle, changes in eye position during a saccade can be derived by analyzing changes in the distribution of photic activity along the length of TL by correlating the presaccadic activity distribution, shifted by various angles, with the distributions at subsequent times during the saccade. The angular shift that correlates best with the pre-saccade distribution gives the eye position change at a particular time. Note that this procedure only works if the sampling of luminance by TL occurs along a line of latitude in the visual field, such as the equator; if TL were to sum luminance over much more than a latitudinal strip, the corre- Fig. 7 . Tracking Model performance. A Visual field with 5 moving black stimulus discs. B, C corresponding activations in retina and P-units. Small white square in Visual Field shows centroid of P-unit activation, the attentional locus. D Activation of P-units during priming. E,F Tracking error and eye position over 5000 ticks with 5 moving discs during saccades. Error is the distance of the P-unit centroid from the nearest disc, in visual angle. Changes in trace color show when the attentional locus skips from one disc to another. E: Dendritic diagonal wts = 0.0 i.e. without priming; F diagonal wts = 0.25 i.e. with priming. Tracking Mean dur: average number of ticks that the attentional locus stays with one stimulus. lations would wash out and eye movement information would be lost. The equatorial dimming receptive fields of TL could be a reliable and absolute source of eye movement information so long as patterned vision is available. However, the corollary discharges provided by the saccadic bursts of TL are always available, but may be messily encoded and subject to change over time, especially as fish visual systems continuously grow and rearrange (Stuermer & Easter, 1984) . The task of the Learning Model, therefore, is to arrive at the set of synaptic connections between the TL units that transmit photic and saccadic information on the one hand, and the P-unit dendrites on the other, by a process of unsupervised learning. When successfully achieved, the photic responses will have calibrated the corollary discharge of TL.
The Learning Model builds upon the architecture of the Tracking Model by the addition of the neural elements and connections shown in Fig. 4B & C, that allow pattern vision to provide both the pre-and post-saccadic luminance distribution along the visual equator. The pre-saccadic luminance distribution is supposed to derive from a direct retinotopic input to toropetals lying along the representation of the equator in tectum (Fig. 4B ). This pathway is responsible for the dimming-evoked activity in dorsomedial TL that exhibit delayed responses to luminance changes (Northmore, 1984; Northmore et al., 1983) . The model proposes that these toropetals project topographically into TL DD , each of whose units distributes marginal fibers in a longitudinal swathe subtending at least 30°in horizontal visual angle (Fig. 1) , exactly as they do in the Tracking Model. Again, the toropetal cells were not explicitly modelled; just the connections they represent.
Information about the post-saccadic luminance distribution, is supposed to be processed by a subdivision of TL that will be called ''Transient Immediate" or TL TI because it provides the luminance distribution immediately the eye has come to rest after a saccade (Fig. 4C) . Evidence for such a transient luminance response came from multiunit recordings in dorsomedial TL that detected transient increases in spiking activity evoked by sudden luminance changes (Northmore, 1984) . It was also observed that a saccade that brought a dark stimulus into a TL dimming receptive field evoked an enhanced burst of multiunit activity (see Fig. 3B in Northmore et al., 1983) . The Learning Model therefore proposes that the transiency of TL TI is derived by temporal filtering within TL. In the connection scheme diagrammed in Sup. Fig. 3A , the delayed TL DD is effectively subtracted from the sustained photic signal to generate TL TI . The anatomical basis could be TL's network of GABAergic neurons and the demonstrated recurrent connections made by granule cells within TL (Folgueira et al., 2007) . In the Learning Model, TL TI is supposed to be carried by a set of marginal fibers distinct from TL DD in that they preserve azimuthal topography by coursing in narrow swathes across tectum as diagramed in Fig. 4C . It is significant that one population of marginal fibers has a conduction velocity about 50% faster than the other population (Vanegas et al., 1979) , making it a good candidate for the signaling of TL TI . This may be the same marginal fiber population from med- Table 1 Results with different models, showing training stimuli used, example dendritic weights and their weighted Pearson product-moment correlation coefficients. All models were tested with the moving 5-disc display by counting skips of the attentional locus and averaging the duration that the locus tracked a disc in a 10k tick session. Means and standard errors calculated over 6-8 sessions in each case.
ial TL that Xue et al. (2003) described as interpenetrating the entire depth of Pyramidal cell dendritic trees, suiting them for a role as an overall enabler of dendritic learning, which is the role ascribed to TL TI in the Learning Model. Fig. 8 shows the timing of the three TL signals in relation to a saccadic eye movement while the system views a single black spot on the visual horizon. Learning takes place on the dendritic branches with the concurrence of activity from three sources: a DD from TL DD , a SACC from TL SACC , and a TI from TL TI , with the result that the synapses from TL DD and TL SACC are strengthened according to the following weight update rule. The change in weight, Dw; in each simulation tick is:
Implementation of the Learning model
where e is the learning rate. The product a DD Á a SACC is governed by a common weight, w, and its growth is limited by the subtraction of w, as prescribed by the CPCA version of Hebbian learning (O'Reilly & Munakata, 2000) . The Transient Immediate activity, a TI , as a multiplier term, enables changes in w.
Because training requires visual input only from the equator of the visual field, it is necessary to disable the pathway from pyramidal cells via toropetals to TL DD (Fig. 4A ) in order to prevent the formation of attentional foci that might develop anywhere over tectum. This is achieved during simulation by biasing all pyramidal cell somas off. To train the network, a single black bar stimulus was slowly moved back and forth along the visual field equator while the eye made cyclic saccadic eye movements. (Because only equatorial stimulation is effective for training, a single stimulus disc on the equator produced essentially identical training effects.) Initially all weights were set to zero and then updated every tick according to Eq. (3). A training run with e = 0.5 over 20-40 k ticks yielded positive weights in the pattern shown in Fig. 9 for the 11 P-units serving the central visual field. Note that all P-units in a column serving the same line of longitude, developed identical dendritic weights. To assess how well the learned weight matrices conformed to a diagonal pattern, Pearson product-moment correlation coefficients (r) were calculated for each matrix using the synaptic weights as weightings in the calculation. Thus, a pure diagonal pattern of weights yielded r = 1.0; the trained pattern shown in Fig. 9 yielded a mean r = 0.898
Testing the Learning model
The efficacy of the learned connections was tested by reenabling the P-unit somas, setting e = 0.0 to prevent further weight changes and presenting the randomly moving 5-disc stimuli. Tracking performance was assessed as before by measuring the number of attentional skips and the mean duration of attentional tracking during several sessions of 10K ticks (See Table 1 , compare rows C and D).
Although the single-stimulus training regime generated synaptic weights that were about 4 times more effective in holding attentional focus than without priming, it is far from natural. Ideally the Learning Model should be able to learn effective weights when exposed to multiple stimuli or texture patterns, more like what a fish would experience in its environment. However, the existing network when trained with five moving stimulus discs generated weight patterns that were only roughly diagonal with a relatively low weighted correlation of 0.674 (see Table 1 . Row E). Tracking performance, although significantly better than without priming (p < 0.001 one-tailed t-test. See Sup. Fig. 4) fell short of the best performance attainable. Training with multiple stimuli failed when two or more discs came close enough that their tectal images fell within range of one TL DD unit when spurious correspondences between pre-and post-saccadic images occurred and off-diagonal weights resulted. A solution to this problem is a network that takes a complex stimulus scene and forces TL DD and TL TI to transmit single, or at least well-separated beams of activity in the marginal fibers crossing tectum. Such a spatial decorrelating network is proposed to exist within TL, as diagrammed in Sup. Fig. 3B . Sustained luminance information from the visual equator is transmitted to TL by toropetal cells lying along the equatorial representation in tectum. This is then processed by a lateral inhibitory feedback network. The resulting pattern then drives TL DD and TL TI . The transient response of TL TI is obtained, as before, by inhibiting it with the delayed TL DD .
The network with both the temporal and spatial filtering in TL was trained with the moving 5-disc display (see Table 1 row F) for 20-40k ticks with saccadic eye movements, while P-unit somas were biased off, and e = 0.2. Subsequent testing with the 5-disc display (Table 1E) showed that the addition of spatial filtering in TL restored regular diagonal weights (r = 0.903) and significantly improved tracking performance as measured by fewer skips (p < 0.01) and longer tracking duration (p < 0.05) ( Table 1 , compare rows D and F, and see Sup. Fig. 4 ).
Discussion

Correspondences between models and biology
The motivation for the model was to make sense of the anatomy of the TL-marginal fiber-pyramidal cell system on the one hand, and the saccadic and photic activities generated by TL on the other, while proposing a behaviorally relevant function. Although the model accommodates the known facts of the system, assumptions have had to be made and uncertainties surrounding some details need to be resolved by more studies.
Critical to the model is the role ascribed to the tectal pyramidal cells as a visual attentional pointer. Although there is no experimental data to support such a role, the optic tectum in teleost fishes is essential for visual orienting and pattern vision (Northmore, 2011) and evidence is accumulating that its homologue in other vertebrates is important in selective visual attention (Knudsen, 2011) . The little that is known of teleost pyramidal cell physiology is consistent with the model in that pyramidal cells can be excited visually with relatively large receptive fields, while also responding with inhibitory post-synaptic potentials (Guthrie & Sharma, 1991) . They are not specifically responsive to visual features making them versatile enough to latch on to any object of interest. Their axons and basal dendrites, both arborizing in mid- SGC appear well placed to spread excitation locally, while inhibition could be spread widely by GABAergic elements in SGC, as required of an attentional pointer. Their participation in tracking prey stimuli should be examined by activity visualization, as can now be done in behaving larval zebrafish (Bianco & Engert, 2015; Muto, Ohkura, Abe, Nakai, & Kawakami, 2013; Semmelhack et al., 2014) . These new methods could also be applied to understanding how a locus of attention in the pyramidal cells, assuming it can be demonstrated, could lead to activation of neighboring tectal output neurons such as the Type XIV of Meek and Schellart (1978) , and ultimately to behavioral orienting to objects of interest.
At present, the nature of the signals relayed by the marginal fibers to the pyramidal cells can only be inferred from the multiunit recordings in TL done many years ago (Northmore, 1984; Northmore et al., 1983 ). For the model to work, three kinds of signals, TL SACC , TL DD and TL TI were required, for which there is evidence, but whether they are signaled by the marginal fibers in the precise forms proposed is unknown. In particular, TL SACC employed a discrete encoding of saccades, whereby individual marginal fibers were supposed to be activated by narrow ranges of saccade amplitudes. The multiunit recordings showed that saccade amplitude is well represented by the total spiking activity in a group of dorsomedial granule cells of TL. It is possible that networks within TL are capable of converting the arriving saccadic information into a discrete code like that used in the model. Also, whether TL DD and TL TI are signaled as proposed and how all three TL signals are partitioned among the two marginal fiber classes would be valuable to know, again using activity visualization in the TL, SM and tectum.
While the present model has demonstrated that the TL-marginal system can effectively prime P-units so as to maintain attention in the face of saccades, it suffers from an obvious shortcoming: the transfer of the attentional locus to an object at the correct azimuth but wrong elevation. The meridional arrangement of marginal fibers seems to make this inevitable, and perhaps this was adequate for the needs of primitive teleosts, but it would be surprising if highly visual species with well-developed TL-marginal systems had not solved this problem. The solution would be to develop connections from toropetals to TL to marginal fibers to Pyramidal cell dendrites that are topographic along the mediolateral axis in addition to the well-established rostrocaudal topography. Fiber tracing studies have shown that marginal fibers emerging from TL may travel some distance laterally within the SAC of tectum before ascending to SM (Folgueira et al., 2007, in trout) thereby restricting their scope of influence. More definitively to this point, Xue et al.'s (2003) tracing studies in Holocentrids strongly suggest a mediolateral topography between TL and tectum that is reciprocal. The Tracking Model mechanism could still work with an object at any position in the visual field attracting the attentional locus, but the priming effect via the marginal fibers would be restricted to the appropriate mediolateral level of tectum, or equivalently, the elevation in the visual field. In this 2-dimensional priming scheme, the learning of the TL DD and TL SACC connections could still be effected provided that TL TI enables all pyramidal cell dendritic trees along the length of the longitudinal swathe.
The learning rule applied here can be justified as follows. Coincidence of multiple inputs to a dendritic compartment may be sufficient to evoke dendritic sodium spikes, producing a supra-linear summing effect that is modelled in Eq. (3) by the product of the activations of TL DD and TL SACC . Although dendritic spikes may not be able to propagate to the pyramidal cell soma, they could provide sufficient depolarization to increase the excitability of pyramidal cells to visual inputs (Spruston & Häusser, 2013) , as required by the model. The postulated third synaptic input, TL TI , enables the entire dendritic tree, a function that could be served by the faster marginal fibers that come from dorsomedial TL and that distribute over the entire depth of the pyramidal cell dendrites .
The model works in two modes: (1) learning the TL DD and TL SACC connections using only equatorial visual input, for which the pyramidal cells need to be inactivated; and (2) attentional tracking which takes input from the entire visual field and results in the activation of a locus of P-units. Switching between the two modes is not implausible as an animal may spend much of its time passively absorbing the statistical dependencies of its visual environment while making spontaneous saccades, but when the occasion arises for a predatory attack, the pyramidal cells are enabled and an attentional locus locks on to a target, facilitating neighboring tectobulbar neurons to direct orientation and approach behavior toward it. Not included in the model are the non-tectal structures such as the telencephalon and pretectal nuclei (Semmelhack et al., 2014 ) that could play a part in evaluating stimulus saliency and the integration of motivational factors. Telencephalic inputs to teleost tectum terminate in mid SFGS, the layer where the pyramidal cells deploy their basal dendrites and axonal arbors (Meek, 1983; Vanegas & Ebbesson, 1976) , providing the anatomical substrate for the local excitatory and global inhibitory connections between pyramidal cells and an opportunity for the telencephalon to enable or disable the formation of attentional loci in tectum. The telencephalon could also influence the operation of TL via the paracommissural nucleus (Folgueira et al., 2007; Wullimann, 1994; Xue et al., 2003) , perhaps by modulating the spatial and temporal filtering that the model supposes to take place there. These top-down influences are similar to those involved in midbrain attentional mechanisms in other vertebrates (Knudsen, 2011) .
Ascending inputs of particular interest to the model but little understood are the sources driving the saccadic bursts in TL. Several studies in different species have identified significant inputs to TL from nuclei associated with, or at least close to the valvula of the cerebellum, including the nucleus lateralis valvula, nucleus subvalvularis, and the dorsal tegmental nucleus (Ito & Kishida, 1978; Folgueira et al., 2007; Ito et al., 2003; Xue et al., 2003) . The valvula itself, remains a possible source, especially as saccaderelated potentials have been recorded from it in goldfish Fig. 9 . Training the Learning Model. Top left: a black vertical bar moved slowly back and forth horizontally during saccadic eye movements. Lower: Dendritic tree weight matrices of P-units; vertical axis, TL SACC ; horizontal axis, TL DD . Positive weights developed as shown; the two trees on each end were incomplete and not shown. Upper right: Mean and standard error of weighted Pearson product-moment correlations, r, for matrices shown. Upper center: weight value scale. (Hermann, 1971) , as well as the oculomotor nucleus (Wullimann & Roth, 1994) .
Evolutionary and comparative considerations
Most vertebrates have additional cerebellum-like structures. Bell (2002) hypothesized on the basis of physiological studies in three such systems (Bastian, 1995; Bell, 1986; Bodznik, 1993 ) that they ''remove predictable features from the sensory inflow". The model of TL-tectum proposed here does compensate for the predictable effects of saccades on the locus of attention, but not by subtraction from sensory inflow as appears to be the case in mormyrid and gymnotid electrosensory lobes and the elasmobranch dorsal octavolateral nucleus. Bell (2002) pointed out that these different cerebellum-like structures are not homologous to one another, or to cerebellum itself, having evolved independently in different groups, but their appearance may have depended upon a common genetic program called into use where and when particular sensory problems demanded. In the case of TL-tectum, an instance of such a program has been employed by the Actinopterygii, the largest vertebrate group, ever since their appearance about 400 million years ago, testament to its enduring value for survival, and predatory behavior in particular. Although TL has been studied electrophysiologically in only three species of teleost, it is noteworthy that the TL activities, photic and saccadic, in the percomorph species Holcentrus and Eugerres, which have a highly developed TL and visual system are qualitatively identical to the TL activities in goldfish, a cyprinid, which is a much less ''visual" species. Moreover, this commonality of physiology has been preserved over at least 240 million years since the line giving rise to percomorphs and cyprinids diverged.
The other visual, cerebellum-like structure, the nucleus rostrolateralis (RL) of the African butterfly fish, Pantodon, receives topographic visual input from the upper visual field, both directly from the retina and from the tectum (Saidel & Butler, 1997) . The neuropil of the nucleus receives marginal fibers from both dorsomedial and ventrolateral divisions of TL. Given that this fish only feeds on objects seen through the water surface, the nucleus is most likely involved in prey capture. If the current model's mechanisms apply, RL is an attentional tracking system operating in parallel with the tectal mechanisms modelled here, underlining TL's role in prey capture.
Conclusions
TL provides an unusual opportunity to study an attentional shifting mechanism. Its existence as a structure separate from tectum and its special patterns of interconnection with known cell types within tectum makes the system highly accessible for experimental interventions and recordings.
All vertebrates with saccadic eye movements must perform attentional shifting and the principles underlying the models presented here could apply to mammalian visual systems. Current thinking about primate vision tends to the view that areas concerned with visual attention, such as the superior colliculus, the frontal eye fields, and the lateral intraparietal area are retinotopically mapped, and that corollary discharges during saccades update their foci of attention Wurtz, 2008) . The long-disputed question of how we perceive a stable world despite ever shifting retinal images may be brought closer to resolution with an understanding of the neural circuitry of trans-saccadic integration. The visualization of activity of the various cellular elements involved, as is now possible in larval zebrafish, would be a signal achievement.
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